One of the 11 members in the family of 1-acylglycerol-3-phosphate-O-acyltransferases (AGPATs), AGPAT6, is responsible for the second step in the biosynthesis of triacylglycerol in eukaryotes. The AGPAT6 gene is highly expressed in brown adipose tissue, mammary gland epithelial cells and many other tissues. In this study, the PCR-restriction fragment length polymorphism technique was applied to detect sites of polymorphism in the bovine AGPAT6 gene, and two single nucleotide polymorphisms (SNPs) were detected in the exon 1 and exon 12. Thirty-three traits associated with the meat quality and the carcass were also measured in Chinese Simmentalcross steers. The association between the two SNPs and the traits was then analyzed. The polymorphism site EX1_303T > C was significantly associated with the omasum weight, liver weight, pH value of the beef (carcass), fat coverage rate of the carcass, fat color score, kidney weight and back fat thickness. The polymorphism site EX12_299G > A was significantly associated with bone net weight, forehoof weight, hind feet weight, the fat coverage rate of the carcass, the head and heart weight and the marbling score. Thus, the polymorphisms in the AGPAT6 gene might be important genetic factors that influence the carcass yield and meat quality of beef cattle and may be useful markers of meat quality traits in future marker-assisted selection programs for the breeding and production of beef cattle.
Introduction
In eukaryotes, the two major pathways for the biosynthesis of triacylglycerol (TG) are the monoacyglycerol and the glycerol phosphate pathways. The glycerol phosphate pathway is the primary pathway used in most cell types (Takeuchi and Reue, 2009; Ye et al., 2005) , and 1-acylglycerol-3-phosphate-O-acyltransferase (AGPAT), known as lysophosphatidic acid acyltransferase (LPAAT), is the crucial enzyme in the biosynthesis of TG for the second step of this pathway (Wendel et al., 2013) . AGPAT transfers an additional fatty acid to the lysophosphatidic acid (LPA) at the sn-2 position of the glycerol backbone to produce phosphatidic acid (PA) (Prasad et al., 2011) . Eleven members of the AGPAT family have been described, and each member is encoded by a different gene (Eberhardt et al., 1997; Leung, 2001 ; Aguado and Campbell, 1998; Beigneux et al., 2006; Agarwal et al., 2006 Agarwal et al., , 2007 Agarwal and Garg, 2010; Sukumaran et al., 2009) . The sequence homology indicates that AGPAT6 is one of 11 AGPAT isoforms (Nagle et al., 2008) . However, the current study indicates that AGPAT6 is a novel microsomal glycerol-3-phosphate acyltransferase (GPAT), renamed GPAT4 (Chen et al., 2008) . GPAT is the rate-limiting enzyme for the synthesis of TG and catalyzes the first step in its de novo synthesis (Chen et al., 2008; Gimeno and Cao, 2008; Gonzalez-Baro et al., 2007) .
A study in mice showed that the AGPAT6 gene is highly expressed in brown adipose tissue, mammary gland epithelial cells and many other tissues and encodes the essential enzyme for the synthesis of milk fat Liebisch et al., 2004 ). An AGPAT6 deficiency in mice resulted in resistance to diet-induced and genetic forms of obesity (Chen et al., 2008) . Previous studies of AGPAT6 have primarily targeted milk quality and demonstrated that AGPAT6 is significantly associated with milk yield and the protein and fat contents in milk (He et al., 2011) . However, based on the regulatory effects of the AGPAT6 gene on the content of TG in adipose tissues and the liver, the AGPAT6 gene should be able to influence the meat quality and carcass traits of cattle. Therefore, the objectives of this study were to detect SNPs of the AGPAT6 gene and to investigate the effects of SNPs on the meat quality and carcass traits in a population of Chinese Simmental-cross steers. The results of this study will provide useful evidence for the marker-assisted selection for the purebreeding and crossbreeding of beef cattle as well as for the preservation of important genetic resources in beef cattle.
Materials and methods

Ethics statement
The animal experiments were conducted in strict accordance with the guide for the care and use of laboratory animals prepared by the Jilin University Animal Care and Use committee (Permit number: SYXK (Ji) 2008-0010/0011). All standardized carcass and meat quality determinations were performed at the Chinese Academy of Agricultural Sciences Meat Laboratory.
Materials
The blood samples were obtained from 378 Chinese Simmental-cross steers (28 months old) that were provided by the Inner Mongolian Baolongshan cattle farm. Additionally, the cattle were randomly selected from two different Simmental-cross cattle populations. The blood samples (10 mL) were collected from the jugular veins with anticoagulant (acid citrate dextrose, ACD). The genomic DNA was isolated from the leukocytes with a DNA extraction kit (Tiangen, Beijing, China) following standard procedures, and the DNA was stored at −80 • .
Traits analyzed
The carcasses were stored in a refrigerated room between 0 and 4 • for 24 h. All carcass and meat traits were measured based on criterion GB/T17238-2008 for the cutting standards of fresh and chilled beef in China (the Standards Press of China).
The final body weight and percentage of intramuscular fat (ultrasound determination) were recorded before slaughter. We recorded the traits listed below at the slaughterhouse. The yield grades for the carcasses were based on 13 carcass traits, and the quality grades for the meat were based on 6 meat quality traits. The carcass weight was the weight after the removal of all internal organs, the head and the inedible portions of the tail and legs. The carcass yield was calculated as follows: (hot-carcass weight × 100)/final weight. The weight of the kidney fat is expressed as both an absolute value and a percentage of the hot-carcass weight. The reported muscle pH (pH-STAR; Matthaus, Berlin, Germany) is the average of five measurements from five random positions on the freshly cut side of the first steak 24 h postmortem. The reported back fat thickness (measured with a caliper) is the average of two measurements. The degree of marbling is expressed as a percentage of the visible fat area on the total area of a steak that was sampled from the longissimus thoracis muscle (between the ninth and the tenth vertebrae). The rib eye area was measured with a plastic grid and is expressed as the cross-sectional area of the longissimus thoracis muscle between the tenth and eleventh ribs. The meat color (measured with an OPTO-STAR colorimeter) was assessed (2000) norms and the AOAC procedures, and the results are expressed as grams per 100 g fresh tissue. Additionally, the bone, mesenteric fat, omental fat, carcass length, carcass depth, hind leg circumference, hind leg width, thigh meat thickness, fat coverage rate and fat color score were recorded at the slaughterhouse. To ensure the accuracy of weighing, the weighing of all samples followed the same standard, and every part was weighed by two researchers together. The number of records and the means of the analyzed traits are shown in Table 1 .
Primer and PCR amplification
The primers were designed based on the published sequence of the bovine AGPAT6 gene (Ensembl accession number: ENSBTAG00000005730) with the program Primer Premier 5, and two pairs of PCRs were designed to amplify the bovine AGPAT6 gene. 
SNP detection and genotyping
The PCR-restriction fragment length polymorphism (PCR-RFLP) technique was used to detect the polymorphisms of AGPAT6. The restriction enzyme digestion was performed in a total volume of 20 µL, and the restriction enzyme and the digestion reaction system of each SNP are presented in Table 2 . The RFLP products for the SNPs of the AGPAT6 gene exon were detected by electrophoresis in a 4 % agarose gel stained with ethidium bromide. The homozygotes were sequenced on an ABI PRISM 3100 genetic analyzer (Applied Biosystems, Foster City, CA, US) using dye terminators. The Basic Local Alignment Search Tool (BLAST) was used to assemble the sequences.
Statistical analyses
The allelic and genotypic frequencies of SNPS on the AG-PAT6 gene were calculated for the Simmental-cross steers and analyzed with tests of significance. The Hardy-Weinberg equilibrium of the polymorphism sites was determined with chi-squared (χ 2 ) tests using the SPSS statistical software package. The associations between the AGPAT6 gene polymorphisms and the meat quality traits or carcass traits were analyzed using two-way ANOVAs in SPSS 13.0 for Windows according to the following model:
where Y ij k is the observed value of the kth individual from the Simmental-cross breed of the genotype j in the ith yearseason; u is the least-square mean of the observed values; ys i is the effective value of the ith year-season; m j is the effective value of genotype j ; and e ij k is the random residual effect corresponding to the observed value.
Results
PCR amplification
The genomiDNA samples were harvested from 378 Simmental-cross cattle and amplified by two primers for the AGPAT6 gene. The PCR-amplified products conformed to the target fragments with good specificity and were directly analyzed using PCR-RFLP.
RFLP analysis and sequencing of different genotypes
The DNA sequencing and PCR-RFLP methods were used to detect variations in the bovine AGPAT6 gene. Two polymorphisms were identified: one in exon 1 and one in exon 12. A T/C substitution was found at position 303 bp of the AGPAT6 gene exon 1, and it held four BstNI endonuclease restriction sites. Hence 411 bp PCR products digested with BstNI showed four bands (139, 102, 61 and 48 bp) for the T allele and four bands (163, 139, 61 and 48 bp) for the C allele, and indicated TT, TC and CC genotypes. And a G/A substitution was found at position 299 bp of the AGPAT6 gene exon 12, and it held two HhaI endonuclease restriction sites. Hence, 239 bp PCR products digested with HhaI showed two bands (119 and 58 bp) for the GG genotype and three bands (177, 119 and 58 bp) for the AG genotype. The results are shown in Fig. 1 . Table 3 shows the allele and genotype frequencies for the polymorphisms of the AGPAT6 gene. The frequency of allele C was 0.825 at the EX1_303T > C polymorphism site, and the frequency of allele G was 0.889 at the EX12_299G > A polymorphism site. The χ 2 tests for the Hardy-Weinberg equilibrium of the two SNPs showed that the two SNPs of the AGPAT6 gene were in equilibrium.
Association of AGPAT6 polymorphisms with the carcass and meat quality traits
The statistical analyses revealed significant associations between the meat quality or the carcass traits and the SNPs in exons 1 and 12. The statistical results are shown below. For cattle with the EX1_303T > C polymorphism site of the AGPAT6 gene, the individuals with the C-bearing genotypes (C-allele homozygotes or CT heterozygotes) had significantly lower liver weights, pH values of beef (carcass), fat coverage rates of carcasses and fat color scores than the TT genotype individuals. And the C-allele homozygotes showed higher kidney weight and back fat thickness than CT heterozygotes. Additionally, the omasum weight was the highest in the T-allele homozygotes, intermediate in the C-allele homozygotes and lowest in the CT heterozygotes (Table 4 , p < 0.05).
For cattle with the EX12_299G > A polymorphism site, the individuals with the AG genotype showed higher bone net weight, forehoof weight, hind feet weight and a higher fat coverage rate of the carcass than the individuals with the GG genotype. Furthermore, AG genotype individuals showed lower head and heart weights and marbling scores than GG genotype individuals (Table 4 , p < 0.05).
Discussion
The cattle industry has primarily focused on optimizing the fat content of milk as well as the tenderness and flavor of meat. Several factors affect the production of these products, including the genetic background, management, nutrition and processing of cattle.
According to its sequence homology, AGPAT6 is one of the AGPAT isoforms (Nagle et al., 2008; Song et al., 2013) . However, the identification of the GPAT activity of AGPAT6 showed that AGPAT6 is a novel microsomal GPAT (Chen et al., 2008) . Moreover, the amino acid sequence of AGPAT6 is similar to both the AGPAT and GPAT sequences . GPAT and AGPAT catalyze the first and the second steps in the de novo synthesis of TG, respectively; in mammals, TG is the primary form of energy storage. Studies of mice have shown that AGPAT6 was highly expressed in brown adipose tissue and significantly affected the synthesis of TG in the brown adipose tissue and mammary gland Arch. Anim. Breed., 59, 301-307, 2016
www.arch-anim-breed.net/59/301/2016/ epithelial cells. Additionally, the protein subcellular location showed that AGPAT6 was expressed within the endoplasmic reticulum . The absence of AGPAT6 resulted in poor mammary gland development and inadequate diglyceride and TG contents in milk (Littlejohn et al., 2014) . In HEK293 cells, the overexpression of AGPAT6 increased the contents of both LPA and PA, as determined by 13 C 7 labeling and mass spectrometry (Chen et al., 2008) . In contrast, the LPA and PA contents decreased by 80 and 64 %, respectively, when AGPAT6 was knocked out in mouse mammary gland membranes . Several SNPs in the AGPAT6 gene were also identified in other species. In Holstein cattle, two SNPs, which were significantly associated with milk yield and fat content, were identified in intron 3 of AGPAT6. An SNP that was significantly associated with milk yield and the protein and fat contents was also identified in intron 2. A C > G mutation was detected in exon 4 of the dairy goat AGPAT6 gene, and this mutation also resulted in a significant difference in milk yield and the protein and fat contents.
In the present study, the AGPAT6 gene EX1_303T > C SNP was significantly associated with the meat quality and carcass traits. The omasum was heaviest in the T-allele homozygotes, followed by the C-allele homozygotes and the CT heterozygotes, whose omasa were lightest. The C-allele homozygotes and CT-allele heterozygotes both had lower liver weights, beef pH values (carcass), carcass fat coverage rates and fat color scores than T-allele homozygotes. Additionally, the CC genotype was significantly associated with a high kidney weight and high back fat thickness.
The associations between the AGPAT6 gene EX12_299G > A SNP and the meat quality and carcass traits in the Simmental-cross steers were also analyzed. The AG genotype had higher bone, forehoof and hind feet net weights and higher fat coverage rates of the carcasses than the other genotypes. Conversely, the head and heart weights and marbling scores of the AG genotype were lower than those of the other genotypes.
The omasum, liver, kidney and heart are the edible parts of the body; a heavier weight is better. The bone, forehoof, hind feet and the head of fattening steer are the inedible parts; a lighter weight is better. The fat coverage rate of the carcass, back fat thickness and the marbling score influence the flavor and taste of beef. Higher values here are better for the breeding and production of beef cattle. In this study, the tested SNPs were associated with the fat coverage rate of the carcass, fat color score, back fat thickness and marbling score. These traits were associated with the lipin metabolism. Previous studies found that changes in AGPAT6 expression levels influenced the TG content and that the SNPs had significant effects on fat contents. The results showed that AGPAT6 might be influenced by lipin metabolism.
Therefore, this study contributed to the evaluation of AG-PAT6 as a genetic marker for Simmental-cross steer breeding strategies, although further studies are required to determine whether AGPAT6 is a candidate gene to enhance traits of economic interest in beef cattle.
